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Quantum nondemolition (QND) measurements of photons is a much pursued endeavor in the field of quantum
optics and quantum information processing. Here we propose a novel hybrid optoelectromechanical platform
that integrates a cavity optomechanical system with a single electron transistor for QND photon counting. Build-
ing upon a mechanical-mode-mediated nonperturbative dispersive coupling between electrons and photons, our
protocol performs the QND photon counting measurement by means of the current-voltage characteristics of
the single electron transistor. In particular, we show that the peak voltage shift of the differential conductance is
linearly dependent on the photon occupation number, thus providing a sensitive measure of the photon number,
especially in the strong optomechanical coupling regime. Given that our proposed hybrid system is compatible
with state-of-the-art experimental techniques, we discuss immediate implementations and anticipate applica-
tions in quantum optics and polariton physics.
Introduction.– Over the past decades, quantum non-
demolition (QND) measurements [1–5] have been imple-
mented in many experiments that require ultimate sensitiv-
ity, such as gravitational-wave detection [6], with a grow-
ing recent interests in quantum information processing and
storage applications [7]. Particularly, in the quantum optics
community, it is well appreciated that a QND measurement
scheme can evade the adverse effect of quantum back-action
during the measurement [1–3], such that an experiment ob-
servable can be repeatedly measured without perturbing the
underlying quantum state. Therefore, exploiting the theory
of QND measurements, many researchers have demonstrated
novel strategies for probing quantum characteristics, includ-
ing quantum fluctuation sensing [8–10] and photon counting
[11–27], pushing the limit of quantum technology.
Conditions for an ideal QND measurement were formu-
lated by Imoto et al. [28]. As far as a general quantum mea-
surement is concerned, one usually considers a signal observ-
able Os of the measured system (with the unperturbed Hamil-
tonian Hs) and a readout observable Op of the probe system
(with the unperturbed Hamiltonian Hp) coupled through an
interaction operator HI . Following the strict definition of an
ideal QND-type measurement [28], Os and Op are a QND
pair if the following mathematical conditions are satisfied: (i)
HI = HI(Os), (ii) [HI ,Os] = 0, (iii) [HI ,Op] ≠ 0, and (iv)[Hs,Os] = 0. In the context of photon number measurements,
to achieve QND-type detection of photons—namely to avoid
any optical absorption of photons during the measurement—
one common choice is to probe the photon of the measured
system (Os = a†sas as the system photon number operator) by
another optical mode (Op = ap − a†p where ap is the annihi-
lation operator of the probe photon) with a non-linear inter-
action Hamiltonian (e.g. in a Kerr medium HI ∝ a†sasa†pap)
using optical interferometers [16, 17, 28, 29]. Nevertheless,
such measurement schemes are almost always restricted to
certain medium-dependent frequencies at which strong non-
linearity can emerge.
Recent advances in quantum optics have enabled QND
photon number measurements that do not rely on the ma-
terial non-linearity through strong light–matter interactions
using cavity or circuit quantum electrodynamical systems
[11, 15, 18–26, 30]. In these QND schemes, cavity photons
are coupled to a probe atomic system (e.g. a two-level sys-
tem) with large atom-cavity detuning so that the cavity photon
frequency is off-resonant with the electronic transition of the
atom. One key point for such QND measurements is that, in
the large detuning limit, the Stark shift of the atomic transi-
tion as induced by the atom-photon coupling is approximately
linear-dependent on the photon number [31], so that the dis-
persive phase shift of the atom can be measured and served as
a QND readout of the photon number. Such a readout is dis-
persive (i.e. the phase shift depends on the atom-cavity detun-
ing) and perturbative (one neglects the higher-order terms to
the interaction Hamiltonian in the large detuning limit). That
being said, it is known that the higher-order corrections will
inevitably cause the measurement to demolish the measured
quantum state, thereby fundamentally restricting the applica-
bility of a perturbative dispersive readout [32–34]. In practice,
such measurement-induced demolition leads to a progressive
damage to the qubit and cavity states as one aims to continu-
ously monitor the qubit [31, 33].
With this background in mind, it is clear that to achieve
an ideal QND photon measurement, one needs a non-
perturbative dispersive coupling that does not rely on the lin-
ear dispersive limit [35]. In this letter, we propose a novel
QND photon counting measurement scheme using a hybrid
optoelectromechanical protocol that integrates the measured
cavity with an electromechanical probe; see Fig. 1 for an illus-
tration. Cavity photons interact with the mechanical resonator
of the probe through the radiation-pressure force [36] which
imprints the photon occupation in the mechanical motion. A
single electron transistor (SET) [37, 38], being the electronic
component of the probe, is exploited to measure the mechan-
ical motion to which it is capacitively coupled. The exquisite
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2Figure 1. A possible realization of the proposed hybrid quantum sys-
tem. The electromechanical probe consists of a mechanical resonator
with frequency ωb capacitively coupled to a single electron transis-
tor comprising a source (S), a drain (D) and an island (I). A micro-
toroidal cavity supporting an optical whispering gallery mode with
frequency ωc and a finite photon occupation is coupled to the elec-
tromechanical probe with its mechanical mode through a radiation-
pressure force.
charge sensitivity of the SET guarantees an ultra-sensitive
measure of the mechanical motion [39–42]. Most importantly,
we demonstrate that this hybrid optoelectromechanical system
yields a mechanical-mode-mediated non-perturbative disper-
sive coupling between the cavity photons and the electrons in
the SET, enabling a single-shot QND readout of photon num-
ber via charge current measurements of the SET. To make
our QND photon counting protocol clear, we discuss its im-
mediate implementations with currently available experimen-
tal conditions for optomechanical [36, 43–51] and electrome-
chanical systems [39–41, 52–57]. In the strong optomechani-
cal coupling regime, we show that the voltage shift of the dif-
ferential conductance peak provides a sensitive measure for
the number of photons stored in the cavity.
Hybrid optoelectromechanical system.– We consider an
optoelectromechanical system H which includes a high-
quality cavity with a single photon mode (a, a†) to be mea-
sured, and the electromechanical probe which consists of a
mechanical resonator mode (b, b†), the SET island (d, d†)
and the source (S) and drain (D) electrodes (ckv , c†kv for
v = S,D). Here we denote each component by their anni-
hilation and creation operators respectively. This Hamiltonian
H can be written as (setting h̵ = 1, e = 1, kB = 1 and Fermi
energy F = 0 hereafter)
H = 0d†d + ωca†a + ωbb†b−g0a†a(b† + b) + λd†d(b† + b)+ ∑
k,v=S,D [kvc†kvckv + tkv(c†kvd + d†ckv)]. (1)
where ωb and ωc are the frequency of the mechanical mode
and the cavity photon, respectively. g0 is the single-photon
coupling strength arising from the radiation-pressure coupling
between the cavity and mechanical modes [36]. λ denotes the
coupling strength between the mechanical mode and the elec-
tronic conductor. Here the SET is assumed to be in the se-
quential tunneling regime such that it can be described by a
single-level island at electrostatic energy level 0 = 1/(2CΣ)
with the total capacitance CΣ, coupled to a collection of elec-
trons in the two electrodes with energies kv , v = S,D. This
coupling is characterized by the spectral density defined as
Γv() = pi∑k t2kvδ( − kv). Throughout the study, we con-
sider the wide-band limit, Γv() = Γv [58]. For simplicity,
we focus on a normal SET, rather than a superconducting one
[59].
We further include a dissipation Hamiltonian, Htot = H +
Hdiss, where Hdiss represents the damping of the mechanical
mode by its thermal environment at an ambient temperature
T0; this dissipation term will be treated at the level of an input-
output theory [60]. Here we do not include the cavity mode
damping (as induced by photon losses due to imperfect re-
flection for instance) with the understanding that typical QND
measurements are performed within a time scale faster than
that of such decay process [18]. While, in general, the me-
chanical damping occurs on a time scale that is much slower
that that of cavity photon decay process, we keep it since it
plays a crucial role for determining the current-voltage char-
acteristics of the SET [60].
To reveal that the mechanical mode mediates an electron-
photon dispersive coupling, we introduce a unitary transfor-
mation
G = exp [−g0(b†−b)a†a/ωb]⊗exp [λ(b†−b)d†d/ωb]. (2)
The transformed system Hamiltonian H˜ ≡ GHG† reads
H˜ = (0 − λ2
ωb
)d†d + ωca†a + ωbb†b
− g20
ωb
(a†a)2 + 2λg0
ωb
a†ad†d
+ ∑
k,v=S,D [kvc†kvckv + tkv(c†kvd˜ + d˜†ckv)]. (3)
Here d˜ ≡ D†λd with a displacement operator defined as Dλ =
exp[(b† − b)λ/ωb]. It should be noted that we account for the
full radiation-pressure coupling, rather than its linearized form
[36]. The effect of this transformation on Hdiss is negligible
as the coupling between the mechanical resonator and thermal
environment is typically weak [36, 60].
From Eq. (3), it is evident that the transformed Hamiltonian
yields a dispersive couplingHI = 2λg0ωb a†ad†d. We emphasize
that this interaction is non-perturbative, namely no Hamilto-
nian truncation is involved [31, 35]. Generally, HI can be in-
terpreted as either an electron-number-dependent shift of the
cavity frequency or, vice versa, a photon-number-dependent
shift of the electronic level. The transformation also generates
an effective Kerr non-linear term HK = − g20ωb (a†a)2 between
the cavity photons. However,HK conserves the cavity photon
number and hence has no impact on the QND photon count-
ing.
3Next, since we neglected cavity losses during the measure-
ment process, the photon occupation n¯p ≡ ⟨a†a⟩ can be con-
sidered a time-independent observable. Therefore, for a given
photon number np, the dispersive coupling leads to a renor-
malized electrostatic energy of the SET island
˜n ≡ 0 − λ2
ωb
+ 2λg0
ωb
n¯p. (4)
In the SET, this renormalized electronic level ˜n sets the con-
dition for resonant electron transport. Thus, a shift in the elec-
tronic energy leads to a linear shift of the bias voltage at which
resonant transport occurs.
Current-voltage characteristics of the SET.– The steady
state charge current of the SET serves to probe the photon
number. Based on a generalized input-output method [60–62],
we arrive at the current expression out of the source
⟨JS⟩ = 4ΓSΓD
Γ
∫ d
2pi
G()[nSF () − nDF ()]. (5)
Here, Γ = ΓS+ΓD and nvF () = [exp[(−µv)/T0]+1]−1 is the
Fermi-Dirac distribution of the vth lead with µv the chemical
potential and T0 the ambient temperature. The generalized
transmission function reads
G() ≡ Re[∫ ∞
0
dτe−(Γ+i˜n−i)τBλ(τ)]. (6)
Here, ‘Re’ takes the real part, ˜n is given by Eq. (4) andBλ(τ)
denotes a mechanical mode correlation function [60]
Bλ(τ) = exp [ − λ2
ω2b
∫ dω
pi
γeff
γ2eff + (ω − ωb)2×(coth(ω/2Teff)(1 − cosωτ) + i sinωτ)]. (7)
To arrive at Eqs. (5)–(7), we employ an effective bath de-
scription [63–66] to capture the dynamics of the mechanical
mode. Based on the time scale separation between the fast
electron dynamics and the slow mechanical motion, this treat-
ment allows us to include both the intrinsic thermal dissipa-
tion of the mechanical mode (with damping rate γ0 and tem-
perature T0) and the back-action from the conducting elec-
trons (as approximated in terms of an extra thermalized bath
with damping rate γ1 and temperature T1) [60, 63, 65, 66].
Consequently, the overall effect of the thermal dissipation
and the back-action on the mechanical mode is described by
an effective damping rate γeff ≡ γ0 + γ1 from an effective
thermal bath characterized by an effective temperature Teff =(γ0T0 + γ1T1)/γeff [43, 63–65]. Typically, γ1/γ0 ∼ 20 − 50
[43, 67].
QND photon counting scheme.– We are now ready to for-
mulate a QND photon counting measurement protocol us-
ing the current-voltage characteristics of the SET as a read-
out observable. First, we easily verify that, given the dis-
persive coupling HI = 2λg0ωb npd†d, the cavity photon num-
ber operator np ≡ a†a and the charge current operator JS ≡
i∑k tkS(c†kS d˜ − d˜†ckS) satisfy the conditions of QND mea-
surements [28], i.e. (i) HI = HI(np), (ii) [HI , np] = 0, and
(iii) [HI , JS] ≠ 0. Therefore, one can infer the photon num-
ber without disturbing the cavity field from a charge current
measurement.
In practice, we propose the following two-step protocol
to determine the photon number confined in the cavity by
contrasting the following measurements: (1) By coupling an
empty cavity to the electromechanical probe, we determine
the peak position of the differential conductance ∂⟨JS⟩/∂V of
the SET (denoted as the reference voltage V ∗0 ). The peak po-
sition corresponds to the island energy 0 − λ2ωb . (2) Injecting a
photonic field with a finite yet unknown photon occupation n¯p
to the empty cavity [24], the peak of the differential conduc-
tance will shift and appear at voltage bias V ∗n corresponding
to the renormalized island energy ˜n.
Following this protocol, the photon occupation of the cavity
can be simply inferred from the voltage difference V ∗n − V ∗0 ,
n¯p,measure = V ∗n − V ∗0
2∆
. (8)
This constitutes one of main results of our work. Here, for
simplicity, we assume a symmetric bias drop for the SET,
with the understanding that our scheme is not limited to this
scenario [60]. The resolution of the photon number measure-
ment is determined by ∆ ≡ 2λg0/ωb. Such a QND photon
counting can reach high sensibility by increasing either the op-
tomechanical coupling strength (g0) or the electromechanical
counterpart (λ), or ideally, both. Although here we rely on the
differential conductance for the measurement of the voltage
shift V ∗n − V ∗0 , one can also resort to the second-order deriva-
tive ∂2⟨JS⟩/∂V 2 and identify the voltage values V ∗n from its
node, which also marks the onset of resonant transport.
Experimental feasibility.– We now discuss the feasibil-
ity of the proposed hybrid platform with state-of-the-art
nanoscale fabrication technologies for quantum cavity op-
tomechanical systems [36, 43–51] and electromechanical
counterparts [39–41, 52–57, 68, 69].
First, we justify the assumption that n¯p remains time-
independent during the charge current measurement. For a
typical SET, the electrostatic capacitance is CΣ ∼ 400 aF
[38, 40] and the total junction resistance isR ∼ 100 kΩ, so that
the electron tunneling time can be estimated by τe = 2RCΣ ≈
0.1ns [63]. We consider a high-quality cavity in which the
cavity photon decays at a damping rate (κ/2pi) of the order of
MHz [45, 48–50] and the lifetime is about 1/κ ≈ 1 µs.
Second, as far as the peak voltage shift is concerned, the
photon number resolution measured by Eq. (8) is determined
by ∆ = 2λg0/ωb. Here we choose the electro-mechanical
coupling to be weak (typically λ/ωb ∼ 0.1 [70]) so that the
effective bath description is valid [65, 66]. So far, the single-
photon optomechanical coupling strength can reach g0/2pi =
3.4 kHz for an optomechanical microresonator system [50].
Thus, in practice, the estimate of the single-photon electro-
static energy shift is ∆ ≈ 10−12 eV, which can be sensed by
4the ultra-high energy sensitivity of SET which is as low as a
few h̵ ≈ 10−16 eV ⋅ s[71].
Finally, notwithstanding, one legitimate concern is that
zero-point quantum fluctuation and weak optomechanical
coupling [36] may make this QND measurement ineffective at
a single-photon level. Indeed, we focus here on experiments
carried out with a large photon number (at least on the order
of n¯p ≈ 106) for achieving a strong optomechanical coupling
[50], i.e. g0
√
n¯p > κ. In this multi-photon scenario, our QND
measurement protocol should yield a peak voltage shift of the
order n¯p∆ ∼ 10−6 eV with peak broadening determined by
Γ = τ−1e ≈ 10−6 eV and the effective temperature Teff . Hence,
under these experimental conditions, the effect of zero-point
quantum fluctuation should not prevent us to observe a clear
differential conductance peak shift.
Proof-of-principle simulation.– To access the efficacy of
the proposed QND photon counting scheme in the strong
optomechanical coupling regime, we provide a proof-of-
principle simulation of Eq. (8) for given photon occupation
n¯p using Eqs. (5)–(7). Fig. 2 depicts the differential conduc-
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Figure 2. Differential conductance of the SET for n¯p = 0 (blue solid
line), n¯p = 1 × 106 (red dash-dotted line) which begins to enable a
strong optomechanical coupling [50] and n¯p = 1×107 (green dashed
line). A peak shift from marked V ∗0 to V ∗n is clearly visible. The inset
depicts the current-voltage characteristics for n¯p = 0 (blue solid line),
n¯p = 1 × 106 (red dash-dotted line) and n¯p = 1 × 107 (green dashed
line). Parameters are µS = −µD = V /2, T0 = 100 mK, g0/2pi = 3.4
kHz [50], ωb/2pi = 78 MHz [50], γ0/2pi = 10 kHz [50], γ1/γ0 = 30
[43, 67], T1 = V /4 [63, 65], CΣ = 400 aF [38] such that 0 ≃ 200
µeV, R = 100 kΩ [38], λ/ωb = 0.2 and ΓS,D = h̵/(2RCΣ) ∼ 4.1
µeV.
tance of the SET using experimentally available parameters.
We clearly observe a voltage shift of the differential conduc-
tance peak compared with that obtained when the cavity is
empty, namely, n¯p = 0, thereby demonstrating the feasibility
of the proposed QND photon counting scheme under current
experimental conditions.
Although intriguing, there are few remarks that are worth
mentioning: (i) We have adopted the relation T1 = V /4, see
definitions below Eq. (7), where V is the applied voltage
bias [63, 65]. Strictly speaking, this expression is valid for
large voltage bias of the order of 0 [63, 65]. Hence, quantita-
tively, our calculation overestimates the back-action from the
conducting electrons to the mechanical mode at low voltages.
However, this overestimation should have a negligible effect
on demonstrating our QND protocol as we are interested in the
resonance peak of the differential conductance rather than its
broadening. (ii) The proposed QND photon counting scheme
should be equally applicable in superconducting SET with
modified electron tunneling rates [65]. Hence we expect that
the voltage shift due to a finite photon occupation can still
serve as an accessible QND measure in the superconducting
case.
Conclusion.– We proposed an experimentally feasible
QND measurement for cavity photon counting using an elec-
tromechanical probe. Our scheme builds upon a mechanical-
mode-mediated coupling between cavity photons and con-
ducting electrons, enabling a single-shot QND readout of pho-
ton number through the measurement of the SET charge cur-
rent. We further demonstrated the feasibility of the measure-
ment protocol by simulating the current-voltage characteris-
tics of the SET in a strong optomechanical coupling regime
achieved with a large photon occupation.
Looking forward, we expect that a single-photon QND
measurement with the proposed hybrid scheme can be real-
ized in the near future as many experimental advances of cold-
atom [72, 73], photon-crystal [74], and microwave [48, 49, 75]
optomechanical systems have already showed great promise
to reach the strong single-photon coupling regime. With the
ability to measure few photons, we should be able to non-
destructively identify different cavity photon statistics, such
as Poisson and Bose-Einstein distributions, by repeating the
QND measurement and depicting the photon number his-
togram. Furthermore, if we include molecular systems within
the cavity, this QND measurement may provide a direct probe
to investigate polariton excitations (hybrid light-matter exci-
tation when the molecular system is strongly coupled to cav-
ity photons), rather than relying on far-field photon emission
[76]. Lastly, while we have conveniently neglected time-
dependence of the photon occupation in the present paper, ex-
tension of this QND scheme for observing multi-photon corre-
lation functions should reveal more quantum properties, such
as photon bunching and antibunching [77], representing an ex-
citing new direction for quantum optics.
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8Supplemental material: Quantum Nondemolition Photon Counting With a Hybrid
Electromechanical Probe
In this supplementary material we present the derivation of the steady state charge current expression used in the main
text by resorting to a generalized input-output method [61, 62].
I. CURRENT-VOLTAGE CHARACTERISTICS OF SINGLE ELECTRON TRANSISTORS
In this study, we consider a hybrid optoelectromechanical system, which includes a quantum cavity coupled to a mechanical
resonator, itself interacting with a single electron transistor (SET) that acts as an electromechanical probe to the photon number.
For the sake of completeness, we first write down the total Hamiltonian Htot = H0 +HE +Hdiss (setting h̵ = 1, e = 1, kB = 1
and Fermi energy F = 0 hereafter),
H0 = 0d†d + ωca†a + ωbb†b − g0a†a(b† + b) + λd†d(b† + b),
HE = ∑
k,v=S,D [kvc†kvckv + tkv(c†kvd + d†ckv)],
Hdiss =∑
j
ωjr
†
jrj +∑
j
ηj(r†jb + b†rj). (S1)
Here, H0 accounts for the high-quality single mode cavity of frequency ωc with an annihilation operator a, the high-quality
mechanical resonator of frequency ωb with an annihilation operator b, a SET island of an electrostatic energy 0 with an annihi-
lation operator d, and a radiation-pressure optomechanical coupling as well as an electromechanical interaction characterized by
coupling strengths g0 and λ, respectively. HE contains the electron source (S) and drain (D) of the SET, together with electron
tunneling between the island and the electrodes. Finally, Hdiss accounts for the damping of the mechanical mode induced by
its intrinsic thermal environment modelled as a harmonic thermal bath with annihilation operators rj and frequencies ωj . ηj
denotes the coupling strength between the mechanical mode and the jth harmonic oscillator of the thermal bath. We assume that
the interaction between the mechanical mode and the thermalized modes is rather weak such that the rotating wave approxima-
tion is justified. The influence of thermal bath, acting on the mechanical mode, is characterized by the spectral density function
γ0(ω) = pi∑j η2j δ(ω − ωj).
The transformed Hamiltonian H˜tot ≡ GHtotG† = H˜0 + H˜E +Hdiss under a unitary transformation generated by the operatorG = exp [ − g0(b† − b)a†a/ωb]⊗ exp [λ(b† − b)d†d/ωb] becomes
H˜0 = (0 − λ2
ωb
)d†d + ωca†a + ωbb†b − g20
ωb
(a†a)2 + 2λg0
ωb
a†ad†d,
H˜E = ∑
k,v=S,D [kvc†kvckv + tkv(c†kvd˜ + d˜†ckv)]. (S2)
Here d˜ ≡ D†λd denotes a polaron operator with a displacement operator defined as Dλ = exp[(b† − b)λ/ωb]. We neglect the
effect of this transformation on Hdiss. To be precise, we ignore the term∑j ηj(λd†d/ωb−g0a†a/ωb)(r†j +rj) in the transformed
Hamiltonian. This omission is justified in the present study since the energies ηjλ/ωb and ηjg0/ωb are assumed small, by noting
that the coupling between the high-quality mechanical mode and its thermal environment should be rather weak and λ, g0 ≪ ωb.
Adopting a recently developed generalized input-output method for electronic systems [61, 62], we treat the hybrid quantum
system within a unified input-output picture. As the system H˜0 contains both fermionic and bosonic operators, we should treat
them separately. To this end, we use the notations [A,B] ≡ [A,B]− and {A,B} ≡ [A,B]+ for the quantum commutator and
anti-commutator, respectively. The corresponding Heisenberg-Langevin equation (HLE) that governs the dynamical evolution
of system operators reads [61] O˙ = i[H˜0,O]− − i ∑
v=S,DL
v± − iX. (S3)
Here, A˙ denotes a time derivative of operator A. Explicit forms for the superoperators Lv± and X are obtained from an input-
output description of the electron tunneling Hamiltonian in H˜E and the thermal damping of the mechanical mode by Hdiss,
respectively [61],
Lv± ≡ ∓ (iΓvd˜† +√2pidv,†in ) [O, d˜]± + [O, d˜†]± (−iΓvd˜ +√2pidvin) ,
X ≡ (iγ0b† +√2pib†0,in) [O, b]− + [O, b†]− (−iγ0b +√2pib0,in) . (S4)
9Here γ0 ≡ γ0(ωb) denotes a damping rate for the mechanical mode induced by its thermal bath, Γv() = pi∑k t2kvδ(−kv) is the
spectral density function of electrons in the two metals. In the above equation, the top signs apply if O is a fermionic operator;
the bottom signs apply if O is bosonic. We remark that the form of Lv± is exact in the wide-band limit, whereas X is obtained by
assuming a Markovian thermal bath with γ0(ω) assumed a constant at the vicinity of ωb. We have defined input fields as follows
dvin(t) ≡ 1√
2pi
∑
k
tkve
−ikv(t−t0)ckv(t0),
b0,in(t) ≡ 1√
2pi
∑
j
ηje
−iωj(t−t0)rj(t0). (S5)
Here t0 is the initial time at which the dynamical evolution begins.
As can be seen, the definitions of input fields in terms of environment operators at the initial time ensure that they can be
specified as initial conditions. We prepare the initial state of the hybrid system to be such that, at t = t0, the SET island,
the mechanical mode, the cavity and their environments are decoupled. Specifically, we assume that the metal leads and the
mechanical thermal bath are initially in their thermal equilibrium states characterized by the Fermi-Dirac distribution function
nvF () = {exp[( − µv)/T0] + 1}−1 with µv the chemical potentials and T0 the ambient temperature, and the Bose-Einstein
distribution function nb,0(ω) = [exp(ω/T0) − 1]−1, respectively. We assume that the intrinsic thermal environment of the
mechanical mode and metallic leads have the same ambient temperature T0. By doing so, the noise correlators associated with
the input fields are given by [61]
⟨b†0,in(t′)b0,in(t)⟩ = γ0 ∫ dω2pi2 e−iω(t−t′)nb,0(ω),⟨b0,in(t)b†0,in(t′)⟩ = γ0 ∫ dω2pi2 e−iω(t−t′)[1 + nb,0(ω)],⟨dv,†in (t′)dv′in(t)⟩ = δvv′Γv ∫ d2pi2 e−i(t−t′)nvF (),⟨dvin(t)dv′,†in (t′)⟩ = δvv′Γv ∫ d2pi2 e−i(t−t′) [1 − nvF ()] . (S6)
In obtaining the first two correlation functions, we have approximated γ0(ω) ≃ γ0, which is valid in the Markovian limit. The
output fields are related to the input fields via the so-called input-output relations
b0,out(t) = b0,in(t) − i√ 2
pi
γ0b(t),
dvout(t) = dvin(t) − i√ 2piΓvd˜(t). (S7)
The above relations imply that it is sufficient to work with input fields in the context of input-output theory.
As the photon occupation n¯p ≡ ⟨a†a⟩ is time independent during the charge current measurement, we focus here on the
dynamical evolution of electron and mechanical mode. Using the HLE Eq. (S3), we first find
b˙(t) = − (iωb + γ0) b(t) − i√2pib0,in(t) + i λ
ωb
∑
v
(iΓvd˜†(t) +√2pidv,†in (t)) d˜(t)
−i λ
ωb
∑
v
d˜†(t) (−iΓvd˜(t) +√2pidvin(t))
= − (iωb + γ0) b(t) − i√2pib0,in(t) + λ
ωb
∑
v
[2√2piIm (d˜†(t)dvin(t)) − 2Γvd†(t)d(t)]
= − (iωb + γ0) b(t) − i√2pib0,in(t) + λ
ωb
∑
v
Jv(t), (S8)
where we have utilized the relations [b,D†λ] = − λωbD†λ and [b,Dλ] = λωbDλ. ‘Im’ takes the imaginary part. Jv is the formal
definition of charge current operator out of v-lead [61]
Jv = 2√2piIm (d˜†dvin) − 2Γvd†d. (S9)
Clearly, the term λ
ωb
∑v Jv(t) in Eq. (S9) represents the backaction from the conducting electrons arising due to the coupling
of the mechanical mode to the SET. In the steady state limit, we have ∑v Jv = 0 because of charge conservation. However, at
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transient times,∑v Jv(t) is generally nonzero. To account for this dissipation source which will in turn affect the current-voltage
characteristics of the SET through the mechanical backaction, we need a faithful treatment of backaction from the conducting
electrons.
Technically speaking, this coupled dynamical problem is challenging to solve even numerically. To simplify the problem
while taking into account the backactions, we resort to an effective treatment motivated by a significant time-scale separation
between electron tunneling (∼ 10−10 s) and mechanical motion (∼ 10−6 s) [42, 43, 63–66]: For a slow mechanical motion,
an adiabatic approximation is valid and the SET acts as a thermalized environment characterized by a temperature T1, and it
induces an extra damping rate γ1 on the mechanical mode. Particularly, T1 is set by the source-drain voltage bias [63, 65, 66]
and γ1/γ0 ∼ 20 − 50 [43, 67]. Altogether, the mechanical mode experiences damping due to its direct thermal bath (temperature
T0 and decay rate γ0) and from the electronic compartment (temperature T1 and decay rate γ1). These two processes sum up to
a total effective damping with an effective damping rate γeff ≡ γ0 + γ1 and an effective temperature Teff = (γ0T0 + γ1T1)/γeff
[64, 65]. In doing so, the effective equation of motion for b becomes
b˙ ≃ − (iωb + γeff) b(t) − i√2pib˜in,eff(t), (S10)
where the effective input field is determined by the following correlation functions
⟨b˜†in,eff(t′)b˜in,eff(t)⟩ = γeff ∫ dω2pi2 e−iω(t−t′)nb,eff(ω),⟨b˜in,eff(t)b˜†in,eff(t′)⟩ = γeff ∫ dω2pi2 e−iω(t−t′)[1 + nb,eff(ω)], (S11)
with nb,eff(ω) = [exp(ω/Teff)− 1]−1. Eq. (S10) will be adopted to calculate the mechanical correlation function involved in the
charge current in the below.
As for the electronic operator, we have
d˙(t) = − [i(0 − λ2
ωb
+ 2λg
ωb
np) +∑
v
Γv]d(t) − i√2pi∑
v
Dλ(t)dvin(t)
= − (i˜n + Γ)d(t) − i√2pi∑
v
Dλ(t)dvin(t), (S12)
here we have defined Γ ≡ ∑v Γv and
˜n ≡ 0 − λ2
ωb
+ 2λg
ωb
n¯p. (S13)
We note that the dynamical evolution of displacement operator Dλ(t) is now determined by the effective description Eq. (S10).
The average charge current out of the source in the steady state limit reads
⟨JS⟩ = 2√2piIm ⟨d˜†dSin⟩ − 2ΓS⟨d†d⟩. (S14)
Here, the ensemble average are evaluated with respect to an initial factorized state where the metallic leads and mechanical
thermal environment are in their thermal equilibrium states. To get the explicit form of ⟨JS⟩, we solve Eq. (S12) in the steady
state limit of t0 → −∞:
d(t) = −i√2pi∑
v
∫ t−∞ e−(Γ+i˜n)(t−τ)Dλ(τ)dvin(τ). (S15)
We first evaluate the ensemble average ⟨d˜†dSin⟩ on the right-hand-side (RHS) of Eq. (S14) by using the correlation functions
for input fields listed in Eqs. (S6) for dvin and (S11) for bin:
⟨d˜†dSin⟩ = i√2pi∫ t−∞ dτe−(Γ−i˜n)(t−τ)⟨dS,†in (τ)D†λ(τ)Dλ(t)dSin(t)⟩≃ i√2piΓS ∫ dnSF ()
2pi2
∫ ∞
0
e−(Γ−i˜n+i)τB∗λ(τ)dτ, (S16)
where we have decoupled the electron and mechanical mode correlations by noting that Eq. (S10) does not contain any electronic
operators,
⟨dS,†in (τ)D†λ(τ)Dλ(t)dSin(t)⟩ ≃ ⟨dS,†in (τ)dSin(t)⟩⟨D†λ(τ)Dλ(t)⟩ (S17)
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and introduced a mechanical mode correlation function Bλ(t − τ) = ⟨D†λ(t)Dλ(τ)⟩ whose detailed form reads [61]:
Bλ(τ) = exp⎡⎢⎢⎢⎢⎣ − λ
2
ω2b
∫ dω
pi
γeff
γ2eff + (ω − ωb)2 (coth(ω/2Teff)(1 − cosωτ) + i sinωτ)
⎤⎥⎥⎥⎥⎦. (S18)
Similarly, we find
⟨d†d⟩ = 2∫ dΓSnSF () + ΓDnDF ()
2pi
∫ t−∞ dτ ∫ t−∞ dτ ′ei(−˜n)(τ−τ ′)e−Γ(2t−τ−τ ′)Bλ(τ − τ ′)= 4∫ dΓSnSF () + ΓDnDF ()
2pi
Re[∫ t−∞ dτ ∫ τ−∞ dτ ′ei(−˜n)(τ−τ ′)e−Γ(2t−τ−τ ′)Bλ(τ − τ ′)]= 2∫ dΓSnSF () + ΓDnDF ()
2piΓ
Re[∫ ∞
0
dτe−(Γ+i˜n−i)τBλ(τ)]. (S19)
Here, “Re” takes the real part. Altogether, we find
⟨JS⟩ = 4ΓSΓD
Γ
∫ d
2pi
Re[∫ ∞
0
dτe−(Γ+i˜n−i)τBλ(τ)][nSF () − nDF ()], (S20)
which is the charge current expression that we use in the main text. Notably, we can identify an effective transmission function
in the integral. It depends on the mechanical mode autocorrelation function, and it includes the backaction of electrons through
an effective-bath approximation.
II. MEASURING PHOTON NUMBERWITH AN ASYMMETRIC BIAS DROP
In general, we can express the chemical potentials of the electrodes (source and drain) as
µS = αV, µD = −(1 − α)V. (S21)
Here V is the voltage bias across the SET and α ∈ [0, 1] characterizes the asymmetry of bias drop and can be determined by
experiments. For the SET, we can have a phenomenological expression
α = RS
RS +RD (S22)
with Rv (v = S,D) the junction resistance of the corresponding island-lead interface. If RS = RD, we recover the symmetric
bias drop considered in the main text.
With the above voltage splitting given by Eq. (S21), the resonant electron transport occurs when the following condition
µS = ˜n (S23)
is fulfilled. Here, ˜n is given by Eq. (S13). From the above equation, we find
V ∗n = ˜nα , (S24)
which yields the following expression for the measured photon number
n¯p,measure = α
∆
(V ∗n − V ∗0 )
= RS(RS +RD)∆(V ∗n − V ∗0 ). (S25)
Here, ∆ ≡ 2λg0/ωb. The symmetric case considered in the main text is recovered when RS = RD.
